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T h e , h F  ("oil91) fraction of a coal pyrolysis tar prepared by open 
column l i q n d  ChrmMtOgraphy (E) was separated htn 16 subfractions by a seccad LC 
run. T h e  first 13 of these fractions were c h m  for  integrated spectroscopic 
analysis. k w  voltage mass spectmmetry (Ms) , infrard (IR) , and 
proton (€+Et) as well as arbon -13 nuclear magnetic msmance spectrcn?etry (CMR) 
were performed on the 13 fractions. 
such as factor or discriminant analysis follcxnled by canonical correlation techniques 
were used to extrad the overlapping infomation from the analytical data. 
quent evaluation of the integratd analytical  data revealed chemical infomation 
which cauld not have been obtained &ly from the iniividual spectrosmpic techni- 
ques. The appmach described is gene+ly applicable to nultisource analytical data 
on p lys i s  o i l s  and other ccanplex D u x t U E s .  

ccmrpvterized multivariate analysis pxnxdwes 

subse- 

mMJmoN 

Ixle to the extremely -lex ~ t u r e  of p l y s i s  tars obtained from recent or 
foss i l  bi- sanples s- ard ccnnpositional analysis of such tars poses a 
formidable challenge to analytical chemists. men when armed w i t h  an arsenal of 
sophisticated analytical techniques a detailed qualitative analysis requires 
careful, laborichls cabinat ion and integration of v o l d n o u s  chmnatcgraphic and 
spectroscopic data. True quantitative analysis is generally not w i t h i n  reach of 
current analytical methodologies, especially i f  the tar contains nonvolatile and/or 
highly polar or reactive ccnrpcolents. 
have been made with the physical cmp1i.q of two or  more chrcnratographic and/or 
spectroscopic techniques into so-called "hyphemtedll methods, e.g. , GCW, L C P ,  
E/m, KW, etc., true integration of the analytical data by means of multi- 
variate analysis mthcds such as cananical correlation analysis is rarely wer 
atten@&. 
integration methods are easily understood. W i t h  these considerations in mird the 
authors carried out the present feasibi l i ty  dxdy of a &-derived pyrolytic tar 
using a ccnnbination of c l u y a ~ ~ c  (E), v i c  (E, ,IR, m, ,W) and 
chemmetrics (factor, discrlrmnant and canonical varlate analyslS) technl-. In 
o d e r  to reduce the caplexity of the analytical pmblem to mre manageable pmpor- 
tions, a cmpletely d is t i l l ab le  & tar was selected. Moreover, polar and/or 
highly reactive ccnp?onerrts were renwed by open column E. 
this integrated analytical approach w i l l  be presented here. - 

Althou$~ i n  recent years iup-ive advames 

Y e t ,  intuitively the potential advantages and benefits of data 

preliminary results of 

A ppulysis tar frcnn a hi@ volat i le  B bituminws Iiiawatha seam coal ( W a s a t c h  
plateau field, Utah)  was obtained fram the fixed bed Wellman Galusha gasif ier  
operated by Black, Sivalls and Bryxn in Minneapolis. Open colynm liquid chmnr 

polarity; i.e. 
111, was mm a l .  (1). Ihe hexane and heWne/benzene elute3 fractions constituted 

atosraphy (IC) on silica g e l  using four solvents and solvent muctures of increasing 
hexane: hexane@nzene 8/1; benzene/ether 4/1; and benzene/methanol 

to sepxate the whole tar into broad cmpnml classes as described by 
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amplex nixbxes , principally CQnpOsed of -. lhese fractions were can- 
bined and Auther separateaby a d IC run. Fradions were elm f m m t h e  
column w i t h  a nonlinear gradiyk beginniy w i t h  100% n-hexane and s tabi l iz i rq  at 10% 
benzene/90% hexane wex a period of 30 nun. 
weiqhed wer a total of 40 rmnuteS . &proxhately 1 m l  was taken fman each -le 
for  IW voltage % analysis. The remaining subfractions were then mtary evapxatd 
and weights of residue were recorded. The calculated elution volunes are shown i n  
Figure 1. 

spectrmneter w i t h  Curie-Fint heating inlet. 
fractions 1-15 were obtamed using l/4 ul glass capillary probe tips as described by 
Mcclennen et al. [2]. Eledron energy was set a t  12 eV. Samples were scanned frcnn 
m/z 20 to m/z 300. 
IBM 9000 ccarpxlter and printed out in the form of bar plots. Examples of law voltage 
l~ss spectra are shcrwn in Figure 2. 

instrument was a N i c o l e t  7000 series qstmmta, resolution 4 an- , 
%?.%atre intensities were rec4rded for 20-30 peaks in each spectrum. In this way 33 
wavenumker variables w e r e  obtained. Exanples of FPIR spectra are shown in Figure 3. 

region. mted peak intensities f o r  eight regions of the spedrum were 
tabulated for  each subfraction, in addition to a table  containing an overall view of 
the nws3er of aliphatic, -tic an3 olefinic protcols present. 

300 fmm 0-180 plmn. 
'ItJenty three variables were chosen. Table 1 shaws overall data froan EMR and m. 
prcgram package developed at  the University of Utah B i m d t e r i a l s  h p f f i i r q  Center 
which affords scaling, as well as factor, discriminant and canonical an-relaticm 
analysis (3). 
Diagram technique described by Wudig et a l .  (4) .  

Sixteen fractions were collected and 

rn voltage mass spectra were run on an Extramdear 5000-1 quadrupole mass 
Lcw voltage mass spectra of s u b  

inlet was heated to 2 0 0 ~ ~ .   ass spectra were stored on an 

FTIR spectra were obtain4 using neat sanples on NaCl (salt) df"]". The 
scans, 2oP operated i n  the atsorbance mode. Saples were scanned frcnn 4000-600 an- . Ab- 

FT&OII NMR spectra of the hyazwarbon subfnct+ons dissolved i n  Cl (with 
m) were taken using a V a r i a n  300 -w lnstnrment over the?-18 ppp 

carbon 13 NMR spedra of subfractions were also run i n  cq?Cl  on the V a r i a n  Sc 

ccrmputerized multivariate analpis was carried out using the interactive S I m  

Psdk intensities were measured us- intqra&on ares. 

Qlanical ccrmponenfs were numerically extracted usirq the variance 

REsuLlfs AM) DISCUSSION 

me a@lasis of this paper is on the general method of nnil- data ink- 
gratim using Factor Analysis and canonical Correlation Analysis. 
the variances calculated for  the factors in ~ a c h  data set. For mass spectral and IR 
data, only eigenvalues greater than 1.0 are shown, whereas a l l  factors were used for 
the FMR and m data. T% dashed line shws eigenvalues <LO, e.g. in the EMR, only 
Factor 1 had an eigenvalue > 1.0. six factors from each data set were used for  the 
canonical correlation analyses. Figure 3b shws the percent variance frum the 
original factors that was represented in the subspace spanned by the canonical 
variate functions. Between 40% (Ms) and 80% (m) of the original variance is 
repmsented by Canonical V a r i a t e  functions 1 + 2. 

Our discussion of the factor analyses preserrted i n  Figure 5 w i l l  f i r s t  identify 
anponents characteristic of early eluting sanples and then m e  on to l a t e r  el- 
-1s. Investigation of the correlated mass peaks l c a d i q  on factors l and 2 
(Figure 5a) by means of the variance diagram method rev+& 8 ccmrponents. In Figure 
5a 
( 1 6 F -  
(190-240°) 
ions a t  m/z 149, 163T%:'L 191 dmracterdyc of terpenoid resins or other 

Figwe 4 shms 

t (a) (l3Oo) represents the ion series mml * ,  whereas aqonent (b) 

as w e l l  as fraswnt 
ions fram mcomcyclics or alkenes. A l y e  Camponent (c) 

ions (190O), c,,H~ ,2+. ion (220 

' (240'). 
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the SCOT~G in this factor space r c q h l y  describe a circle, with the e x e o n  of 
fraction 13, which is found near sample 10. 
sample 13 frcnn the others w i t h  a aonpcarent axis a0ltahi.q anthracene/= 
moieties as w e l l  as an ion series a t  m/z 180, 194, 208. 

Factor analysis was perfonw3 on the I R  spectra of subfractions 1 to 13 us* 
a l l  33 wavemmker variables. the factor score plot  of the II( data 
on subfraction 1 to 13 in the F1 vs. F2 factor space. 
together, imp1yi.y that infrarea q e + m x q y  does not d e w  mch difference 
betweenMesedanuMn tly aliphatic muctures . M y s i s  of the Unaerlyirg correlation 
between variables by means of the variance diagram method shcrwed cmpnent (a) 350° 
repreynts methyl and methylene absorptions such as $870, 2850, 2920, 1460 ard 
72Oan- . 
and 1600 represented ammatic absorptions. A ampnent axis (d) 240°, Ych points 
t o  subfractions 1 2  and 13, r e p y s m t s  peaks 750, 2940 1030 and 1180 an- . 

Factor 3 (not shcrwn) aist 

Figure 5b 
samples 1-7 are very close 

ccrmpcolerrt axes (b) 120°with peak 1516 an- and (c) 160° w i t h  3050, 3015 

Initially, we tentatively assigned 1030 ami 1180 an-' as C-O stretches, but 

although it is believed t o  represent a d i m t i o n  of methyl ad methylene 
stretches. 
mcexals. The data strongly sugyest a reinterpretation of this peak assignment. 

out-of-plane bends. mese tLmle3 out t o  be importarrt in the Cmbined (canonical 
variate) space and w i l l  be dkassed later. 

shm a general distrwion of samples f0nnh-q a circle. The variance diagram of 
F1 E. F2 fmm the proton NMFZ data shanfi that jjhe positive F1 axis contains methyl 
and methylene groups attached t o  aliphatic (sp hybridized) cairn groups, and 
olefinic protons. The F1 axis contains -tic p?mtcms, s p l i t  into two groups. 
The cmpnent axis a t  200O represents methyl substituted benzenes (CH + 1 ring 
-tic), oriented taward fractions 9 and 10. Ihe 170° rotation &ins 2-ring 
and +ring -tics and longer chain -tic substituents (a2) oriented taward 
fractions 11-13. 

Score plot Of F1 VS. F2 (56% O f  the vari-) 

painter et., (4) also found this behavior in IR spectra of coal 

Severdl peaks in the F1+ direction of Figure 5b can be assigned as olef in  CH 

7% factor score plot  F1 vs. F2 (91% variance) of the R4R data in Figure 5c 

Factor analysis of the CMR data gave 6 factors w i t h  eigenvalues >1.0. 

appear to be s h i E  i n  this dimension oriented along the negative side of FL 
ccanponents i n  this direction inch& aliphatic peaks such as at 23, 30, 32 and 38 
p p  and ( w i t h  weaker loaaings) , a t  97 ard 114 ppn, prnbably olefinic carbons. 
Fracti? 8 is sanswhat renvxred fmm fractions 1-7 but still on F1-, and therefore 
P- y aliphatic in character. Fractions 9-13 are widely spread on factor 

Fractions 10 ard 11 have an assoclated ccanpcaerrt wh ich  includes the peaks at 40 and 
134 e. Fractions 12 ard 13 have an associated capnent axis w i t h  the peaks a t  
u 7 ,  129, 132 and 142 p. A l l  peaks on F1+ ( e x c p  a t  20 and 40 pp) are likely 
arcmatic carlxns. 
arcmatic rings. 

CMR data us iq  6 factors fnnu each data set gave four canonitxl variate functions 
w i t h  correlation coefficient greater than 0.90. The variance associated w i t h  the 
four CV functions is shcwm in Figu-e 4. Figure 6 is a score plot of C V l s  CV2 fo r  
the four data sets. The scores fmm each fraction analyzed by the four methods are 
connected by lines. A small polybedmn implies that the methods see the sample in  a 
similar way. 
are widely separated fnnu one anather (e.g., 9 and 10, 11 and 12, 13) whereas early 
eluting ~ m p l e s  (1-7) are close,tcqether in this space. Figure 7 W a mmsemus 

la- variables consistent w i t h  an inteqretation of aliphatic ccwp.m% are 
c l ~ e  around CVl-, near fractions 14. 
-ion. 
loads weakly in t h ~ ~  CV space. 

The 
(Figure 5d) shaws that samples 1-7 

F1+. A anrpOnent a t  350' peaks a t  20, 122, 126,  131 and 135 ppl. 

The 20 and 40 pp peaks are sp hybridized cxbon substituerrts on 

canonical correlation of the factor analysis results fnnu the E, IR, EMR ard 

Ihe later eluting sanples (9-13) a- to group into clusters that 

picture of the CqWnent directl OnS f m  each method found in this cv space. corre- 
Fraction 7 appears also i n  this 

A amp?mnt axis of alkyl benzenes (m/z 92, 106. ..) from the data 
Ftcmn the original fador analyses it can te seen 
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that the mass spedral and FMR data clear ly  differentiated fraction 7 f m  the other 
fractions, but that other data sets gmuped 7 with fractions 1-6. Ihe EMR data 
shawed no unique CCmprJnent associated with fraction 7. 'Ibis says that the mass 
spec t rd lp ic tureof  fraction7is+asenseunique, and does not appear in the^^ 
space. A Ccnnponent 4 s  
a t  150°, in the d.im%&ion o- 5 and 6. Ihe mass spectral data shars ion 
series with 2 and 3 units of --tion, one or mre of these apparently beirq a 
double bcod. 
w i t h  an assicpment of aromaticity. 
increasing fused r ing  ammaticity in the ccw direction (300° to 50°). 
spedral data identified the ccmponent a t  300' with indane/tetmlin, the Oo capon- 
ent as % alkyl substituted mphthalenes and the 50° ccwponent as 
acena@khene/biphenyls. A Ccmpanent axis a t  80° (mass SpeCM data only) s h a d  
peaks characteristic of alkyl anthram/-. The data has not been 
interpreted in as great a detai l ,  but gmups of aromatic peaks foLnd in these three 
directions are not inconsistent w i t h  interpretations fmm the other data sets. A 
point of interest is provided by the two CMR aliphatic peaks, 20 and 40 ppn (OO) ,  
which correlate w i t h  aromatic carbons and are f m  alkyl substituents. 

maJJs10Ns 

to olefinic variables (m, FMR, m) appears 

Ihe positive half of CVI revedls three cmpmnts, each one wnsistent 
The PMR and IR (a in-plane bend modes) show 

Ihe mass 

V a l u a b l e  information was gained by c o r r e l a t i q  the four analytical techniques. 
For example, mass spectral peaks of sanples cuntaining 2 and 3 units of -~LP 
ation, asdelmmnd by PMR, were shum t o  e+ double bonds, whereas mass 
spedralpeaksco- . t o m l e c u l e s ~  one uni t  of unsaturation were 
found to be cyclic. Since all the techniques shawed the prdonurm tly arcmatic 

to higher fused ring 
of aromatic 

Amajor limitation of the present study is that only that portion of the analy- 
Futurestudies 

w i l l  have to address the highly important portions of the andlytical data unique for 
each analytical method in order to reap the f u l l  benefits of the integrates 
-ic apprwch. 

A- 

tical data CQmnOn to a l l  four analytical techniques was interpreted . 
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n u a d m ;  j 
Figure l .  ReconstructedLiquid 
"ChrUnatcgra7n". 
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'-Figure 2. hm voltage mass spectra of (a) subfraction 1 and (b) subfraction 12. 
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a) 

Figure 3 .  FTIR F c t r a  of 
(a) subfraction 1 and (b) 
subfraction 12. 

FACTORS CANONICMMRUITE FUNCTIONS 

Figure 4. Percent t o t a l  variance explained. by (a) factors and (b) 
canonical variate functions. 
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Figure 5. Factor score plots in FIR11 spaces of a l l  fcur individual data 
sets. 
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